Introduction
============

Bioremediation is the use of natural and recombinant microorganisms for the cleanup of environmental toxic pollutants. It is considered a cost-effective and environmentally friendly approach. It relies on improved detoxification and degradation of toxic pollutants either through intracellular accumulation or via enzymatic transformation to lesser or completely non-toxic compounds ([@B13]). Many naturally or genetically modified microorganisms possess the ability to degrade, transform, or chelate various toxic chemicals and hence provide better strategies to combat environmental pollution. On a regular basis, scientists deploy either natural or modified microbes to remove contaminants, viz., heavy metals, metalloids, radioactive waste, and oil products from polluted sites ([@B35]).

Plants possess the necessary genetic, biochemical, and physiological characteristics to establish themselves as the ultimate choice for soil and water pollutant remediation. Phytoremediation refers to a diverse collection of plant-based technologies that use either naturally occurring or genetically engineered plants to clean contaminated environments ([@B122], [@B123]; [@B41]). Phytoremediation is a cost effective, green-clean technology with long-term applicability for the cleaning up of contaminated sites. However, the required time frame to clean-up contaminants from soil prevents its use on an industrial scale. It involves the cleaning up of contaminated soil and water by either root colonizing microbes or by the plants themselves and is best applied at sites with shallow contamination of organic and inorganic pollutants ([@B110]). Due to this shortcoming, the utilization of biotechnological approaches involving high biomass fast growing crops for remediation purposes combined with biofuel production has gained momentum in recent years ([@B102]; [@B108]).

The development of new genetic tools and a better understanding of microbe and plant gene structures and functions have accelerated advancements in pathway-engineering techniques (referred to as designer microbes and plants) for improved hazardous waste removal. This review focuses on the accomplishments of biotechnological applications and strategies for environmental protection, detoxification, and the removal of heavy metals and metalloids. The current review article also examines recent developments and future prospects for the bio/phytoremediation of toxic pollutants from contaminated soil and water.

Potential Strategies for Bioremediation
=======================================

Microorganisms are mainly used in bioremediation to eliminate heavy metals (elements with densities above 5 g/cm^3^) from the polluted environment ([@B7]). In addition to the natural occurrence of heavy metals ([@B24]), they are widely used in industry, agriculture, and military operations. These processes have led to the continuous accumulation of heavy metals in the environment, which raises threats to public health and ecosystems. The high concentrations of heavy metals in the environment were also attributed to several life-threatening diseases, including cancer and cardiovascular ailments ([@B58]; [@B84]). The elimination of heavy metals requires their concentration and containment as they cannot be degraded by any biological, physical, or chemical processes ([@B97]). Therefore, employing microorganisms in heavy metal elimination and environmental cleaning is an effective approach due to their varied ability of interacting with heavy metals. For instance, microorganisms can transform heavy metals from one oxidative state or organic complex to another ([@B149]). Mainly, microorganism-based remediation depends on the resistance of the utilized microbe to the heavy metal that is either activated independently or through metal stress ([@B97]). Microorganisms perform the remediation of heavy metals through three different processes (**Figure [1](#F1){ref-type="fig"}**):

![**Mechanism of microbial remediation. (A)** Passive and active heavy metal uptake by biological materials. The uptake of heavy metals can be either passive (fast) through adsorption onto the cell surface or any extracellular components such as polysaccharides, or alternatively active (slow) through sequestration of the heavy metals via interaction with metallothioneins (MT) into the cell. Adapted from [@B126]. **(B)** Mechanisms of heavy metal biosorption by bacterial cells. Bacterial biosorption of heavy metals through (1) cell surface adsorption, (2) extracellular precipitation, (3) intracellular accumulation through special components, such as metallothioneins (MT) or, (4) intracellular accumulation into vacuoles. Adapted from [@B7]. **(C)** Heavy metal remediation via siderophore formation. Bacterial heavy metal remediation takes place through formation of the siderophore aided by membrane protein-mediated metal transport and the formation of siderophore-metal complexes. Adapted from [@B7]. **(D)** Mechanism of bacterial heavy metal remediation through biosurfactant production. The precipitation of heavy metals takes place through sorption and desorption at the soil--water-heavy metal matrix leading to heavy metal precipitation. Adapted from [@B7].](fpls-07-00303-g001){#F1}

Biosorption and Bioaccumulation
-------------------------------

Biosorption and bioaccumulation are processes by which the microorganisms, or biomass, bind to and concentrate heavy metals and contaminants from the environment ([@B66]). However, both biosorption and bioaccumulation work in distinct ways. During biosorption, contaminants are adsorbed onto the sorbent's cellular surface in amounts that depend on the composition and kinetic equilibrium of the cellular surface. Thus, it is a passive metabolic process (**Figure [1A](#F1){ref-type="fig"}**) that does not require energy/respiration ([@B139]). Bioaccumulation, on the other hand, is an active metabolic process that needs energy and requires respiration ([@B140]; [@B139]). Since contaminants (such as heavy metals) bind to the cellular surface of microorganisms during biosorption, it is a revisable process. In contrast, bioaccumulation is only partially reversible. Biosorption was also shown to be faster and to produce a greater number of concentrations ([@B139]).

### Biosorption

Biosorption is an emerging method that came into practice about two decades ago. It holds outstanding potential as a cost-efficient method for environmental cleaning and reducing heavy metal pollution resulting from industrial and agricultural sources ([@B43]; [@B64]). This method depends on the sequestration of toxic heavy metals by the moieties of biosorbent cell surfaces (**Figure [1B](#F1){ref-type="fig"}**) such as those found in fungi/yeast, bacteria, and algae ([@B100]). Applications of biosorption in bioremediation include heavy metal elimination from soil, landfill leachates and water as well as several other roles ([@B43]; [@B137]).

Several living organisms have been tested as potential biosorbents. This includes bacteria such as *Bacillus subtilis* and *Magnetospirillum gryphiswaldense*, fungi such as *Rhizopus arrhizus*, yeast such as *Saccharomyces cerevisiae* and algae such as *Chaetomorpha linum* and marine microalgae (seaweed) ([@B115]; [@B140]; [@B141]; [@B155]). Furthermore, biomasses were proposed and investigated as a potential inexpensive and economical means of treating eﬄuents charged with toxic heavy metals. Biomasses such as industrial wastes (waste biomass of *Saccharomyces cerevisiae* from fermentation and the food industry), agricultural wastes (corn core) and other polysaccharide materials, were investigated and reviewed ([@B140]; [@B141]). Compared with other organisms, bacteria are considered outstanding biosorbents due to their high surface-to-volume ratios as well as several potential active chemosorption sites in their cell wall such as teichoic acid ([@B9]). Dead bacterial strains are also proposed as potential biosorbents with biosorption capacities that outperform living cells of the same strains. The biosorption capacity of chromium ions in the dead *Bacillus sphaericus* was increased by 13--20% in comparison with living cells of the same strain ([@B139]).

The introduction of genetic engineering of bacteria and other microorganisms opened up new horizons for designing tailored organisms with engineered metal-binding peptides that possess improved affinity and selectivity for target metals to be used as heavy metal biosorbents. In bacteria, the surface display systems in various species such as *Staphylococcus xylosus* and *S. carnosus* were shown to express two different polyhistidyl peptides, i.e., His~3~-Glu-His~3~ and His~6~. The encoded gene products of the chimeric surface proteins were targeted to improve functionality in terms of metal binding as well as surface accessibility ([@B124]). Similarly, *Escherichia coli* and *Pseudomonas putida* showed improved phosphate biosorption through the immobilization of an intracellular phosphate-binding protein (PBP) onto its cell surface ([@B78]). An early study demonstrated that surface-engineered gram-positive bacteria of two strains of *Staphylococci* resulted in the presentation of polyhistidyl peptides in a functional form ([@B124]). Another study on *E. coli* used genome engineering to express a Ni^2+^ transport system and overexpress pea metallothionein (MT) as a carboxyl-terminal fusion to glutathione S-transferase (GST-MT) simultaneously. The engineered *E. coli* cells demonstrated a promising ability in accumulating Ni^2+^ from diluted (\<10 μM) solutions ([@B72]). A more recent study reported improved heavy metal biosorption capacities for *E. coli* cells engineered with mice MT1, demonstrating the potential of the genetic engineering approach in developing organisms with tailored and improved biosorption capacities ([@B3]). The introduction of modern research technologies in genomics such as next generation sequencing ([@B38]) and high throughput genome editing techniques ([@B8]) allowed the study of organisms with potential biosorption capacities that are expected to have several bioremediation applications in future.

### Bioaccumulation

Bioaccumulation takes place when the absorption rate of the contaminant is higher than the rate of losing it. Thus, the contaminant remains contained and accumulated inside the organism ([@B21]). Bioaccumulation is a toxicokinetic process that affects the sensitivity of living organisms to chemicals. Organisms can normally resist concentrations of chemicals up to certain levels, beyond which these chemicals become toxic and endanger the organism. The sensitivity of organisms to chemicals is highly variable depending on the types of organisms and chemicals involved ([@B86]). Bioaccumulation candidate organisms should have a tolerance ranging between one or more contaminants to higher levels. Furthermore, they may demonstrate superior biotransformational capabilities, changing the toxic chemical to a non-toxic form which enables the organism to reduce the toxicity of the contaminant while keeping it contained ([@B5]; [@B86]). Several different organisms are used for the study of bioaccumulation and as indicators for increased levels of pollutants, including plants ([@B131]), fungi ([@B4]), fish ([@B44]; [@B33]), algae ([@B63]), mussels ([@B34]), oysters ([@B88]), and bacteria ([@B31]).

It was shown that bacteria produce metal-binding proteins such as metallothioneins (MTs) in order to increase the metal binding capacity as a response to increased metal exposure (**Figure [1B](#F1){ref-type="fig"}**) ([@B106]; [@B72]; [@B124]; [@B6]; [@B145]). In *E. coli*, for instance, the expression of metal binding peptides with the repetitive metal binding motif (Cys-Gly-Cys-Cys-Gly)~3~ as well as their high affinity and selectivity for target metals was investigated for potential use in bioremediation ([@B106]). In addition, recombinant *E. coli* strains that express a metal-binding peptide known as synthetic phytochelatins (PCs) with a repetitive metal-binding motif (Glu-Cys)~n~Gly were confirmed to have improved Cd^2+^ binding capability ([@B6]). Furthermore, *E. coli* strains with histidine-rich sequences fused to the LamB protein were shown to tolerate higher concentrations of Cd^2+^ and its counterpart in the equimolar mixture (Cu^2+^ or Zn^2+^; [@B70]).

In order to identify suitable bioaccumulation organisms, investigating the mechanisms and genes involved in the bioaccumulation process as well as the genes responsible for sensitivity/tolerance and the tolerated concentrations of different chemicals is crucial. Molecular biology techniques have been broadly used in such investigations ([@B86]). The outstanding capacity of the GeoChip comprehensive microarray technique ([@B50]), which covers 424,000 genes in over 4,000 functional groups involved in several important biological processes, was used to investigate the bioaccumulation ability of several microbial groups to uranium ([@B138]). The DNA microarray technique was also used to identify genes regulated in response to exposure to high concentrations of heavy metals ([@B48]). Mass spectrometry-based proteomic techniques were employed to study the response to heavy metal stress at the translational level and changes in protein expression due to accumulation of high concentrations of toxic contaminants in cells ([@B61]). Whole genome sequencing of microorganisms with potential bioaccumulation capacities helped in investigating candidate genes to be targeted for improving the bioaccumulation efficiency of the organism ([@B20]; [@B136]). Transcriptomics analysis has been used to delineate the roles of important genes involved in the bioaccumulation process and the difference in response to heavy metals between diverse organs in the same organism ([@B77]; [@B129]). Furthermore, bioinformatics and mathematical modeling has been utilized to investigate the properties and potentials of candidate organisms in order to predict the concentration of chemicals that can be tolerated by them ([@B133]).

Siderophore Formation
---------------------

Siderophores are selective and specific iron chelating agents secreted by living organisms such as bacteria, yeasts, fungi (**Figure [1C](#F1){ref-type="fig"}**) and plants. Siderophores have a relatively low molecular weight and an extremely high binding affinity to trivalent metal ions (Fe^3+^), which is poorly soluble and predominantly found in oxygenated environments ([@B98]; [@B22]). There are three different types of siderophores; namely, hydroxamate siderophores, catecholates (phenolates) siderophores and carboxylate siderophores. The hydroxamate siderophores are the most common group of siderophores. It consists of C (=O) N-(OH) R, where R is an amino acid and its derivative which are mainly produced by bacteria and fungi. The catecholate siderophores binds with iron through the formation of the hexadentate octahedral complex. Several well-known bacteria such as *E. coli* and *Salmonella typhimurium* produce these type of siderophores ([@B127]). The carboxylate siderophores bind to iron ions through the carboxyl and hydroxyl groups, and is produced by rhizosphere bacteria such as *Rhizobium* as well as several other types of bacteria. The types of siderophores are overviewed in [@B22].

It was shown that trivalent forms of metals (other than iron) having similar chemistry can stimulate bacteria to produce siderophores, for instance, Al, Ga, and Cr ([@B125]). Thus, the positive effects of siderophores on remediation such as reducing bioavailability and metal toxicity is not limited to iron but can be extended to several other toxic heavy metals. Stimulation of siderophore synthesis by heavy metals in the presence of high iron concentrations in *Pseudomonas aeruginosa* and *Alcaligenes eutrophus* bacteria was reported in an early study by [@B69]. Furthermore, the reduction of copper toxicity by siderophore-mediated complexation in cyanobacteria was also confirmed ([@B134]). Most recent reports have shown that several proteins involved in siderophore uptake have been revealed, including their detailed structure and sequences comprising of several outer membrane siderophore transporters and soluble periplasmic siderophore-binding proteins ([@B22]).

Systems biology approaches have been recently used in the investigation of siderophores formation on an unprecedented scale. Genomics and metagenomics were used to evaluate the environmental consequences of the devastating 2011 earthquake and tsunami in Japan that drastically altered the soil environment ([@B54]). Mass spectrometry-based proteomic techniques also served a central role in the identification of siderophore-related proteins and the functional roles they play. The Proteomic Investigation of Secondary Metabolism (PrISM) platform was used to discover two new siderophores from the *Streptomyces* species, i.e., gobichelin A and B ([@B19]). The analysis of draft genome sequences and high-resolution proteomics data of *Streptomyces lilacinus* using the proteogenomics approach accelerated the identification of new putative threonine and the DHB-containing siderophore ([@B2]). Bioinformatics analysis, coupled with high throughput experimental techniques, demonstrated a remarkable approach in addressing challenges such as identifying the secondary metabolites produced by cryptic genes in bacteria ([@B105]) as well as creating online resources for the field ([@B42]). Systems biology is a very promising approach for the study of genes, mechanisms, and signaling pathways during siderophores formation.

Biosurfactants Production
-------------------------

Surfactants or surface-active agents are substances that alter the prevailing conditions of surfaces through adsorption leading to lower surface tension between liquids or between a liquid and a solid ([@B116]; [@B114]). Thus, they can generally classified into (1) high molecular weight polymers binding tightly to solid surfaces and (2) low molecular weight molecules efficiently lowering the surface and interfacial tensions ([@B116]). Biosurfactants are surfactants produced or secreted by living organisms such as microbes (**Figure [1D](#F1){ref-type="fig"}**). Although biosurfactants have been commonly used for organic pollutants remediation, several studies have also reported that biosurfactants are able to complex and remediate heavy metals such as Cd, Pb, and Zn ([@B83]; [@B95]).

Rhamnolipids are a major class of biosurfactants that are produced by *P. aeruginosa* and several other organisms ([@B83]). They are glycolipids with rhamnose moiety comprising of a glycosyl head group and a 3-(hydroxyalkanoyloxy) alkanoic acid (HAA) fatty acid as the tail ([@B101]; [@B28]). Rhamnolipids have several potential applications in industry and as additives for environmental remediation ([@B94]). The ability to capture heavy metal ions through electrostatic or complexation techniques has been attributed to anionic biosurfactants. These complexations lead to an increase in the apparent solubility of metals ([@B118]). Therefore, the bioavailability of metals is affected through their reduction by common metabolic by-products, which leads to the formation of less soluble metal salts including phosphate and sulfide precipitates ([@B82]). There are several other biosurfactants produced by a wide range of bacterial and yeast species such as exocellular polymeric surfactants in the form of polysaccharides, proteins, lipopolysaccharides, lipoproteins or complex mixtures. For instance, several species of *Acinetobacter* demonstrated robust production of high molecular weight emulsifiers ([@B116]).

Recently, the process of biosurfactant discovery benefited greatly from harnessing the power of modern high throughput and systems biology techniques. Metagenomic approaches were employed to discover novel biosurfactants that are useful for marine ecosystems ([@B62]). The localization process of the biosurfactant family sophorolipids produced by *Starmerella bombicola* was investigated using mass spectrometry-based proteomics resulting in the discovery of localization regulators ([@B23]). The rapidly accumulated knowledge on biosurfactants derived by computational biologists and bioinformaticians allowed the development of computational methods that are especially tailored for biosurfactant discovery as well as online resources to collect the accumulated data/knowledge in centralized resources. For instance, the BioSurf database provides curated information about biosurfactants and their organisms, proteins, metabolic pathways as well as associated algorithms and bioinformatics tools used for biosurfactant discovery ([@B103]). Biosurfactants and their applications have been reviewed in detail in several recent reports ([@B94]; [@B68]; [@B87]).

Potential Strategies for Phytoremediation
=========================================

Plants have been used for phytoremediation of toxic metals and metalloids but this process has been slow and largely rendered ineffective due to phytotoxicity of heavy metals to plants ([@B30]). Natural hyperaccumulators of heavy metals are also available. However, they lack the critical biomass required for effective phytoremediation and are also restricted to particular geo-climatic conditions. Genetic engineering approaches to enhance plant tolerance and the accumulation of toxic metals holds great potential for phytoremediation. In addition, several recent studies employing omics technologies including genomics, transcriptomics, proteomics, and metabolomics have been carried out to elucidate the genetic determinants and pathways involved in heavy metal and metalloid tolerance in plants. Biotechnological approaches are currently being used for the phytoremediation of heavy metals and metalloids such as mercury (Hg), cadmium (Cd), lead (Pb), selenium (Se), copper (Cu), and arsenic (As). Three main biotechnological approaches are being used to engineer plants for phytoremediation of heavy metals and metalloids (**Figure [2](#F2){ref-type="fig"}**): (1) manipulating metal/metalloid transporter genes and uptake systems; (2) enhancing metal and metalloid ligand production; (3) conversion of metals and metalloids to less toxic and volatile forms ([@B71]).

![**Potential biotechnological strategies for phytoremediation.** Toxic elements can be mobilized and transported (influx) into roots through plasma membrane transporters. They can then be transported (eﬄux) out of the roots into the xylem and translocated into the shoots. At this stage, plant tolerance to toxic elements may be enhanced through manipulation of influx/eﬄux transporters or by increasing the levels of ligands/chelators. Volatilization of the toxic elements can be achieved through enzymes that modify these toxic elements. Chelators or eﬄux transporters can also be used to export the toxic elements out of the cytosol and into vacuoles or the cell wall. Adapted from [@B30].](fpls-07-00303-g002){#F2}

Manipulating Metal/Metalloid Transporter Genes and Uptake System
----------------------------------------------------------------

Improved metal tolerance and accumulation has been achieved in different plant species by manipulating metal transporters (**Figure [2](#F2){ref-type="fig"}**). For instance, *Arabidopsis thaliana* overexpressing yeast YCF1 (Yeast Cadmium Factor 1) resulted in enhanced tolerance to Pb(II) and Cd(II) and accumulated higher amounts of these metals in plants ([@B132]). YCF1 is involved in Cd transport into vacuoles by conjugation with glutathione (GSH). Overexpression of full length *Nicotiana tabacum* plasma membrane channel protein (*NtCBP4*) showed Pb^2+^ hypersensitivity and enhanced Pb^2+^ accumulation in the transgenic plants. The overexpression of a truncated version of *NtCBP4* produced by deletion of its C-terminal, calmodulin-binding domain and part of the putative cyclic nucleotide-binding domain exhibited improved tolerance to Pb^2+^ and less accumulation of Pb^2+^ ([@B135]). Furthermore, T-DNA mutants of the *Arabidopsis* CNGC1 gene (cyclic nucleotide-gated ion channel 1), which encodes a homologous protein to *NtCBP4*, also conferred Pb^2+^ tolerance. These results suggest that NtCBP4 and AtCNGC1 play a role in the Pb^2+^ transport pathway ([@B135]; [@B152]). Tobacco plants expressing *CAX2* (calcium exchanger 2) accumulated more Ca^2+^, Cd^2+^, and Mn^2+^ and were more tolerant to elevated Mn^2+^ levels. Expression of *CAX2* in tobacco increased Cd^2+^ and Mn^2+^ transport in isolated root tonoplast vesicles ([@B55]).

Arsenic (As) is a highly toxic metalloid which is classified as a group I carcinogen for humans by the International Agency for Research on Cancer (IARC) ([@B60]). Inorganic As forms, arsenate (AsV) and arsenite (AsIII), are common in the environment and more toxic than its organic forms ([@B30]). Arsenate is a phosphate analog taken up via phosphate uptake systems in plants ([@B17]; [@B154]). Recent studies have shown that arsenite is transported in plants by members of the aquaporins family ([@B10]; [@B154]; [@B92]). Strategies of developing transgenic plants for arsenic (As) phytoremediation include enhancing plant uptake for phytoextraction, decreasing plant uptake, improving the plants' tolerance to As contamination, and increased methylation for enhanced food safety; these are reviewed in depth by [@B156] and [@B30]. Other metalloids like antimonite (SbIII), Silicon (Si) and Boron (B) have been reported to be transported through aquaporin channel proteins ([@B10]; [@B91], [@B93]; [@B90]; [@B74]).

Recently, genome-wide expression analysis of rice roots exposed to different heavy metals and metalloids; As(V), Cd, Cr(VI), and Pb, revealed several differentially expressed common as well as unique genes ([@B36]). Interestingly, genes belonging to different transporter families such as major facilitator superfamily antiporter were identified ([@B36]). Furthermore, Cu tolerant genes have been identified in the *Paeonia ostii* plant using the *de novo* transcriptome sequencing approach ([@B142]).

Enhancing Metals and Metalloids Ligand Production
-------------------------------------------------

There are several reports of using Cys-rich peptides such as MTs, PCs, and GSH as metal-binding ligands for the detoxification or accumulation of heavy metals (**Figure [2](#F2){ref-type="fig"}**). For example, *A. thaliana* overexpressing a MT gene, PsMTA from pea (*Pisum sativum*), showed increased Cu^2+^ accumulation in roots ([@B39]). When the *E. coli gshII* gene encoding GSH synthetase (GS) was overexpressed in the cytosol of Indian mustard (*Brassica juncea*), transgenic plants demonstrated enhanced tolerance to and accumulated significantly more Cd than wild-type (WT) plants ([@B80]). Shrub tobacco overexpressing the wheat *TaPCS1* gene encoding PC synthase increased its tolerance to Pb and Cd significantly; transgenic seedlings grown in soil containing 1572 ppm Pb accumulated double the amount of Pb than WT plants ([@B46]). Arsenic (As) tolerance in plants can also be enhanced by modifying GSH and PCs. When two bacterial genes, *E. coli* arsenate reductase (*arsC*) and γ-glutamylcysteine synthetase (*γ-ECS*), were co-expressed in *Arabidopsis*, the double transgenic plants grown in the presence of 125 μM sodium arsenate accumulated threefold more As in the aboveground biomass and showed almost 17-fold higher biomass than WT plants ([@B29]). Constitutive overexpression of *AtPCS1* in *A. thaliana* showed enhanced tolerance to arsenate but failed to enhance As accumulation ([@B79]). Similarly, overexpression of AtPCS1 in *B. juncea* showed a moderate increase in tolerance to arsenate, but not As accumulation in shoots ([@B45]). These studies showed that manipulation of genes for increasing the production of metal chelation agents hold great potential for improving heavy metal and metalloid tolerance and accumulation in plants.

Recently, the *de novo* sequencing approach for radish (*Raphanus sativus L.*) root under Cd stress has been used to identify differentially expressed genes and microRNAs (miRNAs) involved in Cd-responsive regulatory pathways. Different candidate genes were suggested to play a major role on Cd accumulation and detoxification, particularly those encoding for MTs, PCs, and GSHs as well as other genes belonging to ABC transporters and zinc iron permease (ZIPs) ([@B150]). Similarly, RNA-Seq and *de novo* transcriptome analysis showed that 1561 unigenes were down-regulated and 1424 unigenes were up-regulated, respectively, in radish roots under chromium stress ([@B148]). Here, several transcription factors such as Cr stress-responsive genes involved in signal transduction, chelate compounds and antioxidant biosynthesis have been proposed ([@B147]). Furthermore, the degradome sequencing approach has been used to identify miRNAs and their target genes under Pb stress in *Platanus acerifolia* tree plants ([@B143]).

Conversion of Metals and Metalloids to Less Toxic and Volatile Forms
--------------------------------------------------------------------

Several research groups have focused their efforts on developing phytoremediation strategies for Se and Hg using biotechnological approaches employing the conversion of these metals to less toxic and volatile forms (**Figure [2](#F2){ref-type="fig"}**). Selenium (Se) is an essential micronutrient for many organisms. However, in excess, it is very toxic and is a worldwide environmental pollutant ([@B157]). Se occurs naturally in soil, and is chemically similar to sulfur (S). Therefore, plants uptake the inorganic and organic forms of Se via S transporters and metabolize them to volatile forms through S assimilation pathways to relatively non-toxic forms, such as dimethylselenide (DMSe). As reviewed by [@B112], biotechnological strategies that have been used for selenium phytoremediation have focused on enhancing Se tolerance, accumulation, and volatilization. A constitutive overexpression of *A. thaliana* ATP sulfurylase (APS), converting selenate to selenite, in *Brassica juncea* showed enhanced reduction of selenate to organic Se forms in the APS overexpressed plants, whereas WT plants accumulated mainly selenate. The APS transgenic plants showed enhanced tolerance to selenate as compared to WT plants ([@B111]). *Arabidopsis* plants expressing a mouse selenocysteine lyase (Scly) gene showed enhanced shoot Se concentrations (up to 1.5-fold) compared to the WT ([@B109]). The overexpression of the SMT gene from the Se hyperaccumulator *Astragalus bisulcatus* in *A. thaliana* and *B. juncea* improved the tolerance of transgenic plants to selenium and enhanced Se accumulation in shoots. The transgenic plants also increased Se volatilization rates ([@B76]). Recently, Small RNA and degradome sequencing analyses were used to identify several miRNAs induced by Se treatment in the Se hyperaccumulator *Astragalus chyrsochlorus* plant callus ([@B14]). Furthermore, differentially expressed genes in *A. chyrsochlorus* under selenate treatment were identified using *de novo* transcriptome analysis ([@B15]).

Mercury (Hg) is a global pollutant threatening human and environmental health cycling between air, water, sediment, soil, and organisms ([@B89]). The inorganic forms of mercury, elemental metallic Hg(0) or ionic Hg(II), are commonly liberated into the environment ([@B121]). Strategies used for mercury phytoremediation have employed two bacterial genes; merA, encoding mercuric ion reductase, and merB, encoding organomercurial lyase, to convert mercury into less toxic forms ([@B85]; [@B30]). Various plant species such as *A. thaliana* ([@B120]), yellow poplar ([@B119]), cottonwood ([@B18]), rice ([@B51]), and tobacco ([@B52]) constitutively expressing modified *merA* were resistant to levels up to 25--250 μM HgCl~2~ and exhibited significant levels of Hg(0) volatilization as compared to control plants. Similarly, expression of a modified bacterial *merB* in *Arabidopsis* showed a significant resistance to high levels of monomethylmercuric chloride and phenylmercuric acetate relative to control plants ([@B12]). *Arabidopsis* plants expressing both genes, *merA* and *merB*, grow on 50-fold higher methylmercury concentrations than WT plants and up to 10-fold higher concentrations than plants that express *merB* alone. Transgenic plants were also seen to detoxify organic mercury by converting it to volatile and significantly less toxic elemental mercury ([@B11]).

Rhizoremediation: The Combinatorial Effects Of Bio/Phytoremediation
===================================================================

Rhizoremediation is the combination of two approaches, i.e., phytoremediation and bioaugmentation, for cleaning contaminated substrates. Rhizoremediation refers to the exploitation of microbes present in the rhizosphere of plants utilized for phytoremediation purposes. Heavy metal resistant rhizospheric and endophytic bacteria are ecologically friendly and cost effective toward the reclamation of heavy metal polluted soil ([@B146]; [@B113]). The exploitation of metal resistant siderophore-producing bacteria (SPB) present near the rhizosphere provide nutrients (particularly iron) to the plants that could reduce the deleterious effects of metal contamination ([@B32]; [@B130]). The siderophore not only solubilizes iron from minerals or organic compounds, it can also form stable complexes with environmental concern metals such as Al, Cd, Cu, Ga, In, Pb, Zn, and radionuclides ([@B99]; [@B113]). Bacteria, mainly plant growth promoting rhizobacteria (PGPR), and fungi, mainly arbuscular mycorrhizal fungi (AMF), are used as pure cultures or co-cultures for bioaugmentation. PGPR such as *Agrobacterium, Alcaligenes, Arthrobacter, Azospirillum, Bacillus, Burkholderia, Serretia, Pseudomonas*, and *Rhizobium* are generally used for metal extraction with plants ([@B16]; [@B47]). The siderophore synthesized by *P. fluorescens* improves Fe uptake in tomato, carnation, oats, vine, and maize ([@B37]; [@B128]). High levels of resistance to Cd (300 mg/L), Zn (730 mg/L), and Pb (1400 mg/L) were reported for a plant growth-promoting bacterial (PGPB) strain of *Bacillus* sp. (SC2b), which was isolated from the rhizosphere of *Sedum plumbizincicola* grown in Pb/Zn mine soils ([@B81]).

The siderophore-producing and arsenate-reducing *Pseudomonas* sp. bacterial strain plays a key role in the ability to convert arsenate to arsenite as well as promote plant growth and increase in the biomass of the fern *Pteris vittata* ([@B75]). This suggests that the presence of rhizobacteria in soil can improve the efficiency of arsenic phytoextraction in hyperaccumulator plant species as well ([@B75]). [@B1] reported that the bacterial strain *Microbacterium oxydans* AY509223 plays a role in nickel (Ni) mobilization and increased Ni uptake of *Alyssum murale* grown in low, medium, and high Ni soils by 36.1, 39.3, and 27.7%, respectively. The results provided potential development of inoculum for enhanced uptake during commercial phytoremediation or phytomining of Ni. The rhizo- and endophytic bacterial communities of *Prosopis juliflora* also harbor some novel heavy metal-resistant bacteria. Cr-resistant rhizobacteria showed resistance to Cr up to 3000 mg l^-1^ and provided tolerance against other toxic heavy metals such as Cd, Cu, Pb, Zn, and high concentrations of NaCl ([@B67]). The three different endophytic bacterial strains, viz., *Pantoea stewartii strain ASI11, Microbacterium arborescens strain HU33*, and *Enterobacter* sp. *strain HU38* improved plant growth and heavy metal removal from tannery eﬄuent contaminated soils, and showed that these bacteria play a role in improving the phytoremediation efficiency of heavy metal degraded soils ([@B67]).

Genomic analysis of three legume growth-promoting rhizobia (*Mesorhizobium amorphae* CCNWGS0123, *Sinorhizobium meliloti* CCNWSX0020 and *Agrobacterium tumefaciens* CCNWGS0286) that survive at regions with high levels of heavy metals in China confirmed the existence of different transporters involved in nickel, copper, zinc, and chromate resistance ([@B147]). In another report, [@B153] used an RNA-seq approach to investigate the genes associated with Cd stress in the Dark Septate Endophytic (DSE) fungal Cd-tolerant strain *Exophiala pisciphila* isolated from the roots of the Poaceae plant *Arundinella bengalensis.* The study showed that 228 unigenes involved in different pathways were associated with Cd-tolerance ([@B153]). Recently, a novel metal transporter homology to natural resistance associated macrophage protein (Nramp) isolated from *Exophiala pisciphila* has been reported to increase Cd^2+^ sensitivity and accumulation when heterologously expressed in yeast ([@B144]). The combinatorial effects of bioaugmentation and phytoremediation leading to rhizoremediation may solve the problems encountered during the application of both techniques individually. Moreover, phytoextraction could be enhanced through the application of genetically engineered plant associated microorganisms.

Conclusion and Future Aspects
=============================

Phytoremediation is an eco-friendly 'green-clean' technology that has tremendous potential to be utilized in the cleaning up of heavy metals and organic pollutants. For organic pollutants, plants, and rhizospheric bacteria have demonstrated the ability to detoxify and mineralize the former to harmless products that can be removed without causing accumulation. There are also a few reports of utilizing phytoremediation to successfully remove TCE and other organic compounds ([@B30]). However, in the case of toxic metals, plants can uptake, detoxify, translocate, and accumulate them in the aboveground biomass, which has to be then harvested for metal recovery. Despite tremendous potential for the application of phytoremediation in the cleaning up of contaminated soil, sediment, and water, it has not been commercialized and used extensively on a large scale.

There are many reports of heavy metal/metalloid uptake, detoxification, and accumulation but most of these were described at the laboratory scale in model plants ([@B30]; [@B56]; [@B104]). According to our knowledge, none of these studies have been applied in the field for heavy metal detoxification and phytoremediation thus far. Furthermore, progress toward commercializing the phytoremediation of heavy metals and metalloids has been hampered due to a lack of complete understanding of the metal uptake process from soil to roots, translocation from roots to shoots and accumulation in the biomass tissues. Several recent studies have attempted to unravel the mechanism of heavy metal and metalloid transport and accumulation in plants using transcriptomic and proteomics approaches ([@B25]). Additionally, metabolomic analysis can help to identify the metabolites associated with heavy metal and metalloid stresses, which can be further mapped to its metabolic pathways to identify the related candidate genes ([@B73]). One intriguing approach to enhance our knowledge about heavy metal and metalloid metabolism in plants is to develop suitable techniques for imaging. Efforts have been made to employ Laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS), Matrix Assisted Laser Desorption Ionization (MALDI) and Fourier Transform Ion Cyclotron Resonance Mass Spectrometry (FT-ICR-MS) toward this aim ([@B65]). However, more efforts are needed to enable imaging visualization and determination of metal and metalloid localization and distribution in plant tissues. Despite recent progresses in biotechnological applications and the availability of complete genome sequences of several plants species, the potential of phytoremediation has still not been fully exploited for the successful application of this technology on a commercial scale for the cleaning of contaminated soil and water. Another major factor for the lack of progress in this area is inadequate funding for phytoremediation research.

Next generation sequencing was used to study the whole genomes and transcriptomes of several heavy metal-tolerant organisms ([@B59]; [@B49]; [@B107]). Mass spectrometry-based proteomics is extensively used to study heavy metal and other forms of stresses in candidate organisms including plants ([@B57]; [@B25]), bacteria ([@B151]), and marine organisms ([@B96]). Furthermore, proteogenomics, the alliance between proteomics and genomics ([@B53]), is being used to study the genomic and proteomic properties of microorganisms that tolerate high concentrations of contaminants and high levels of stress ([@B26]; [@B27]; [@B117]). Collectively, these efforts promise an upcoming generation of tailored organisms with higher bio/phytoremediation efficiencies and lower costs (**Figure [3](#F3){ref-type="fig"}**).

![**Integration of "Omics" tools for developing plants for phytoremediation.** Genomics, transcriptomics, proteomics, metabolomics, and phenomics could help on identifying the candidate genes which can be used for developing plants for phytoremediation through different approaches including transgenic, cisgenic, gene- stacking, metabolic engineering, and genome editing.](fpls-07-00303-g003){#F3}

In future, efforts should be made to develop strategies to improve the tolerance, uptake, and hyperaccumulation of heavy metals/metalloids using genomic and metabolic engineering approaches. Pathways that control the uptake, detoxification, transport from root to shoot tissues and translocation and hyperaccumulation in the aboveground storage tissues can be engineered using gene-stacking approaches (**Figure [3](#F3){ref-type="fig"}**). Additionally, genome editing strategies can be designed using TALENs (transcription activator like effectors nucleases) technology or the powerful CRISPR-Cas9 (clustered regularly interspaced short palindromic repeats) system to produce microbes/plants for bio/phytoremediation purposes (**Figure [3](#F3){ref-type="fig"}**). Recently, an efficient and successful CRISPR/Cas9-mediated targeted mutagenesis has been reported in *Populus* plants ([@B40]). This is a particularly interesting finding since *Populus* plants are known to be ideal plants for the phytoremediation of several toxic pollutants.

Additionally, efforts should be made to develop breeding programs to improve the biomass and growth habits of natural hyperaccumulators and breed those traits into non-food, high biomass, fast growing plants for commercial phytoremediation of heavy metals and metalloids. Furthermore, efforts should be made to combine the phytoremediation approach with bioenergy through the dual use of plants for phytoremediation and biofuel production on contaminated lands. This approach would be useful to phytoremediate contaminated sites and simultaneously produce renewable energy that can offset the costs of applying these type of methodologies.
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